This paper introduces an originally designed wheelchair robot equipped a variable geometry single tracked mechanism (VGSTM).
Introduction
The traditional wheelchair, which is a commonly used mobility assistance device for some physically disabled persons, has high mobility on even terrain. However, when facing obstacles such as stairs, the locomotion of the wheelchair will be limited seriously, and this shortcoming brings great discommodity to the user. In order to improve the obstacle clearing ability especially the ability of stairclimbing, many researchers have tried to equip the * State Key Laboratory of Robotics, Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang, China; e-mail: yu_suyang@163.com, {wangting, ycwang, cyao, xfli}@ sia.cn * * Department of Advanced Robotics, Chiba Institute of Technology, Chiba, Japan; e-mail: zhidong.wang@it-chiba.ac.jp * * * School of Mechanical Engineering, Shenyang Aerospace University, Shenyang, China 1 This paper is an extension of the paper "A tip-over and slippage stability criterion for stair-climbing of a wheelchair robot with variable geometry single tracked mechanismin in Proceeding of 2012 IEEE International Conference on Information and Automation [1] . traditional wheelchair with locomotion mechanisms of mobile robots to construct a wheelchair robot.
According to equipped locomotion mechanisms, the existing wheelchair robot that has the ability of stairclimbing can be categorized into three types: the wheel cluster typed robot, the leg typed robot and the track typed robot. The wheel cluster typed wheelchair robot can realize the stair-climbing performance, but the orbital motion may be uncomfortable for passengers [2] - [4] . Moreover, if the robot is equipped with single cluster, the security cannot be guaranteed without appropriate assistance [2] , and if the robot is equipped with dual clusters or single cluster with balancing sliders, the mechanism will be too large and heavy [3] , [4] . The leg typed wheelchair robot has high ability of stair-climbing, but the mechanism structure and control will be excessively complex [5] , [6] . Compared to the above two types, the track typed wheelchair robot has better stationarity because of the large contact area with the stairs [7] - [10] . However, when climbing to the peak of the stairs, if the robot is equipped with the common single tracked mechanism, it will be difficult to realize the stable variation of the robot posture [7] , and even if the robot is equipped with the multi-section tracked mechanism, the climbing process will still not be smooth enough [8] - [10] . In order to improve the common track typed wheelchair robot, a new-style wheelchair robot equipped with a variable geometry single tracked mechanism (VGSTM) is proposed [11] - [14] . This robot can actively control the robot shape and track tension to adapt for obstacles by two pairs of flippers, so it will have better ability of stair-climbing [15] .
During stair-climbing of the wheelchair robot equipped with the VGSTM, driving components such as the driving wheel and the flipper must supply sufficient driving moments to make sure that the robot can complete the climbing process. Moreover, the tip-over of the robot and the slippage between the track and stairs are also intractable problems that affect the stability of the robot performance seriously. Therefore, in this paper, an optimal solution method of driving moments is presented based on the Lagrange dynamic model of the robot [16] , and then the necessary driving moment which the driving component must supply during stair-climbing can be obtained. As to the stability analysis, different from most of existing stability criteria which focus only on the tip-over situation [17] - [20] , a criterion with consideration of both the tip-over and slippage situations for the original robot is established [21] , and then the stability state of the robot during stair-climbing can be evaluated.
The remainder of the paper is organized as follows. Section 2 describes the mechanism and stair-climbing procedure of the robot. In Section 3, the geometric model is presented to describe the position and shape of the robot. In Section 4, the dynamic model is established and an optimal solution method of the driving moment is proposed. Section 5 makes a track-stair interaction analysis and establishes a stability criterion with consideration of both the tip-over and slippage situations. In Section 6, the simulation is performed, and the variation of the driving moment and stability state of the robot during stair-climbing is obtained. In Section 7, the experiment is carried out and the stair-climbing ability of the robot is verified. Finally, some concluding remarks are summarized in Section 8.
Robot Description

Mechanism of the Robot
The mechanism of the proposed wheelchair robot consists of a chassis with a chair on the top and two VGSTMs installed symmetrically at the flanks of the chassis, as shown in Fig. 1 . In VGSTMs, two back flippers can be driven synchronously to control the robot shape, and two front flippers can be driven synchronously to control the track tension. Two pairs of planetary wheels are attached at the tip of the flipper, and the two back planetary wheels can be driven independently to realize moving and steering of the robot. Some road wheels, guide wheels and idlers are also installed to assist the mechanism to work.
Stair-climbing Procedure of the Robot
The stair-climbing procedure of the wheelchair robot can be divided into four phases. In phase 1, back and front flippers of the robot rotate anticlockwise to definite angles to make the chair retroverted, as shown in Fig. 2(a) . 88
In phase 2, the robot starts to climb the first several stairs backward, and when the pitch angle of the chair reaches a definite value, as the robot moves on, back and front flippers go on to rotate anticlockwise to keep the expected chair obliquity, as shown in Fig. 2(b) and (c). In phase 3, the robot has entered the stairs completely and climbs on the nose line of stairs with the back flipper at the terminal position, as shown in Fig. 2(d) . When the back flipper climbs out of the stair completely, the fourth phase starts. Then the robot stops moving, and the back flipper rotates clockwise to make the robot shape adapt for the peak of the stairs until the back planetary wheel has supported on the upper floor, as shown in Fig. 2 (e) and (f). Then the robot goes on to climb with back and front flippers rotating clockwise until the robot loads on the upper floor completely, as shown in Fig. 2(g ) and (h).
Geometric Model of the obot
Equivalent Serial Manipulator
In order to establish the geometric model that can describe the position and shape of the wheelchair robot in a twodimensional space, the robot is transformed to an equivalent serial manipulator in its symmetry plane, as shown in Fig. 3 . In Fig. 3 , links of the manipulator represent the chassis (including the passenger), back and front flippers, and back and front planetary wheels separately. Prismatic and revolute joints of the manipulator can describe the translation and rotation of the chassis and the rotation of the flipper. Frames {k} (k = 0-5) are fixed to the stairs and links of the manipulator. Then the position and shape of the robot can be described by:
A ) are the coordinates of the front road wheel in frame {1}; θ is the rotation angle from frame {0} to frame {1} that describes the chair obliquity; α and β are rotation angles from frame {1} to frame {2} and {3} separately that describe rotations of front and back flippers.
Geometric Equations of the Robot
During stair-climbing of the wheelchair robot, rotations of back and front flippers will be subjected to the stairs and track length. According to the constraint of the stairs, the geometric equation that represents the relationship between the robot position, the chair obliquity and the rotation of the back flipper can be derived as shown in Figure 3 .
Phase 2, which only aims at the condition that the back planetary wheel supports on the nose of the stairs, are 
Phase 3:
Phase 4, which only aims at the condition that the back planetary wheel supports on the upper floor, are shown in
where (x k I , z k I ) are the coordinates of point I in frame {k}; r 1 is the radius of the back planetary wheel; h and φ are the riser height and incline angle of the stairs.
According to the constraint of the track length, the geometric equation that represents the relationship between the robot position, the chair obliquity and rotations of back and front flippers can be derived as follows.
Phases 1, 2 and 3, when the bottom track segment is straight:
Phase 4, when the bottom track segment is folded:
where L T is the length of the track; L IJ is the length of the track segment between components I and J; ∠I is the radius angle faced by the track segment surrounding component I; r i is the radius of the robot wheel, and r 2 is the radius of the front planetary wheel, the front road wheel, and the idler, and r 3 is the radius of the guide wheel. 89 
Lagrange Dynamic Equations
With the equivalent serial manipulator transformed from the wheelchair robot, the Lagrange dynamic equation of the mechanical system can be expressed as [16] :
where L is the Lagrange function and Q is the generalized active force. In this paper, L corresponds to the difference of the kinetic energy and potential energy, so Q will only consist non-conservative forces. The kinetic energy and potential energy of the system can be given separately by:
where m i and I i are the mass and inertia matrix of link i; v i and ω i are the linear and angular velocities of link i; r ci represents the position of the gravity centre of link i; g is the gravity acceleration. In order to have homogeneous equations, ω i is defined in the same frame as I i , and it allows to formulate v i and ω i according to q as:
where J vi and J ωi are Jacobian matrixes that can be derived from the homogeneous transform matrix, and R i is the rotation matrix between frame {0} and {i}. By substituting (10) and (11) into (8), the kinetic energy can be expressed as:
Then the Lagrange equation can be classically written as:
where matrixes C( q,˙ q ) and G( q ) can be obtained by:
The generalized force Q is generated by nonconservative and active forces applied to the equivalent serial manipulator including forces between the track and stairs, the track tension around the track wheel and the driving moment of the driving component. With the assumption that the track tension in the same track segment is constant [22] , Q can be given according to joints of the manipulator as:
where F TEj are torques about axis y i generated by the track tension around front and back planetary wheels T Dj and T Ej as shown in Fig. 3 ; M B and M C are driving moments of the front and back flipper; n is the quantity of the stairs.
Solution of the Driving Moment
The driving component of the wheelchair robot includes the driving wheel (the back planetary wheel) and front and back flippers. During stair-climbing, the driving moment of the driving wheel can be given by:
According to (16) , driving moments of front and back flippers can be given by:
In (17)- (19) , elements of Q can be obtained from (13) with given the specification and motion state of the robot, and the track tension, as an actively controlled variable, 90 can be given manually. However, forces applied at contact points between the track and stairs cannot be obtained completely when the robot is over-constrained [23] , so the driving moment cannot be solved out accurately.
In this paper, the objective of solving out the driving moment is to provide the theoretical guidance for the robot design, so the largest driving moment needed by the driving component for stair-climbing is the most significant. Therefore, a new solution method of the driving moment is given as follows.
• Set the specification and motion state of the robot • Calculate variables q,˙ q,¨ q by (1)- (6) with numerical method • Solve out the generalized active force Q by (13) • Establish constraint equations of the active forces • Optimize the maximal driving moment in (17)- (19) and set it as the instantaneous value In the solution process, the constraint of the track tension around front and back planetary wheels can be given by [22] :
The constraint of forces between the track and stairs can be given by:
where f s is the maximal frictional coefficient between the track and the stair tread.
Tip-over and Slippage Stability Criterion
Forces between the Track and Stairs
Since the wheelchair robot must have enough security and comfort during stair-climbing, the movement velocity of the robot cannot be too large, so in this section, the robot is assumed to be a static balance system. Since the proposed stability criterion in this section is based on forces applied to the track by stairs, and these forces cannot be solved out accurately when the robot is over-constrained, a direct and approximate solution method by adding constraint equations is presented.
Force Solution for Phase 2
In phase 2 of stair-climbing, only the condition that the back planetary wheel supports on the stair nose is discussed, which is shown in Fig. 2(b) . For this condition, the addition constraint is that the tangential force is proportional to the normal force at the contact point on the lower floor, and then forces applied to the track can be solved out as follows:
and
where F G is the resultant gravity of each link; M GN i is the resultant gravitational moment about point N i of each link; ψ is the directional angle of force N Ni .
Force Solution for Phase 3
In phase 3 of stair-climbing, there may be three or four contact points between the track and the stair nose. For these two conditions, another two addition constraints are given as differences between normal forces at all contact points are consistent, and tangential forces at all contact points will be solved out in the form of summation if they are along the same line. Then the solution result is as follows. Four contact points:
where δN i is the difference between normal forces at adjacent contact points; d s is the distance between adjacent stair noses. Three contact points:
Force Solution for Phase 4
In phase 4 of stair-climbing, there may be three, two or one contact points between the track and the stair nose and floor. For these conditions, with the same addition constraints in previous phases, the solution result is as follows. 91
Three contact points:
Two contact points:
One contact point:
Track-stair Slippage Analysis
The track of the wheelchair robot is equipped with triangular grousers to improve the stair-climbing ability. According to the slippage surface, the slippage between the track and stairs can be divided into three cases as shown in Fig. 4 . In Fig. 4 , ϕ T is the pitch angle of the bottom track segment; σ T and σ T are shape angles of the grouser; F Ni and N Ni are decompositions of the force applied to the track tangent and normal to the slippage surface.
If 0 • < ϕ T < σ T , the slippage can happen on the stair tread as shown in Fig. 4(a) , and the condition for avoiding the slippage can be given by:
where N Ni > 0, and
On the other hand, if f s ≥ cot ϕ T , we can only obtain the left half part of (34).
If σ T < ϕ T < 90 • , the slippage can happen on the grouser as shown in Fig. 4(b) , and the non-slippage condition for this case can be given by:
On the other hand, if f s ≥ cot σ T , only the left half part of (36) can be obtained.
If σ T < ϕ T < 90
• − σ T , the slippage on pure track can happen accompanying with the other two cases as shown in Fig. 4(c) , and the non-slippage condition for this case can be given by: Figure 4 . Slippage between the track and stairs: (a) slippage on the tread; (b) slippage on the grouser and (c) slippage on pure track.
Tip-over and Slippage Stability Criterion
During stair-climbing of the wheelchair robot, the stairs can only generate unilateral constraints, and it means that they can only provide supporting forces to prevent the track plunging into the stairs but cannot provide pulling forces to prevent them from leaving the stairs. Therefore, if the normal force N Ni solved out is negative, the tip-over will happen [20] . Furthermore, to ensure that the robot is able to climb on the stairs with limited slippage, F Ni and N Ni must meet the non-slippage condition as described in the previous analysis. Therefore, the tip-over and slippage criterion can be derived as follows. In phase 2, it is assumed that the direction of F Ni is corresponding to that of the robot motion, so only right half parts of (34) and (36) are used, and then the criterion can be given by:
where the limit f max can be determined by:
On the other hand, if σ T < ϕ T < 90
• , ϕ T in (39) should be replaced by σ T .
In phase 3, it is assumed that if the obliquity of the bottom track segment can induce the slippage on pure track, only one grouser will work among all contact points between the track and stairs, and then the criterion can be given by:
where F/N can be determined by:
In phase 4, the criterion can be given by:
Simulation for Stair-limbing
In order to perform the simulation for stair-climbing of the wheelchair robot, first parameters of the stairs are set as ϕ = 27
• , h = 0.15 m, and f s = 0.3 (the same to those of the stairs in our laboratory building with standard dimension in civil engineering). For the wheelchair robot, the mass centre of link 1 is set at (−0.6 m, 0, 0.5 m) in frame {1}, and mass centres of other links are selected at their geometrical centres. Other parameters of the wheelchair robot are listed in Table 1 . where l IJ is the distance between points I and J in Fig. 3 , and λ is the setting angle between the chair and the chassis. In the dynamic simulation, motion states of the robot for each phase are set as follows. For the early stage of phase 2, it is assumed that the back flipper keeps in the rotation angle β = 120
• , and the back planetary wheel supports on the first stair, and then the robot moves with a constant velocity v A = −ẋ 0 A . For the late stage of phase 2, it is assumed that the chair keeps in the obliquity θ = −5
• , and the pack planetary wheel supports on the third stair, and then the robot moves with a constant velocity v A = −ẋ 0 A . For phase 3, it is assumed that the chair keeps in the obliquity θ = −5
• , and the front road wheel starts from the first stair, and then the robot moves with a constant acceleration a A = −ẍ From the result of the dynamic simulation, the driving moment that the driving component needs to supply for stair-climbing under different conditions of the motion state and track tension is obtained, and the result can provide a theoretical foundation for the robot design.
In the stability simulation, motion states of the robot for each phase are set the same as those of the dynamic simulation, and then the variation of forces applied at contact points between the track and stairs is acquired as shown in Fig. 6 . According to the tip-over and slippage stability criterion established in Section 5, it can be obtained that the tip-over and slippage accident will not happen, and the robot can perform the stair-climbing successfully.
Experiment for Stair-limbing
Based on the above analysis and simulation result, the design of the wheelchair robot is completed, and the robot prototype is built as shown in Fig. 7 .
With the robot prototype, the stair-climbing experiment is performed. In the experiment, the moving of the robot and the rotating of the flipper are controlled 95 C manually with a joystick. The snapshot of the experiment is shown in Fig. 8 , and the variation of the chair obliquity is obtained with an inclinometer equipped on the robot as shown in Fig. 9 .
From the experiment result it can be obtained that the wheelchair robot completes the stair-climbing performance successfully, and the clearance of the peak of the stairs is very smooth. This result can give a preliminary verification to the obstacle clearing ability of the robot.
Conclusion
An originally designed wheelchair robot equipped with a VGSTM is introduced. The robot can actively control the robot shape and track tension by two pairs of flippers, so the obstacle clearing ability of the traditional wheelchair is improved.
With the aim of stair-climbing of the wheelchair robot, an optimal solution method of the driving moment based on the Lagrange dynamic model is proposed, and then some theoretical foundations for the robot design are obtained.
A stability criterion with consideration of both tipover and slippage situations is established, and then the performance of the wheelchair robot can be evaluated, and the stability state of the robot during stair-climbing is obtained.
The prototype of the wheelchair robot is built, and the stair-climbing experiment is carried out. The experiment result indicates that the robot has a good ability of stairclimbing.
